FET's, a steady improvement due to improved techniques must also be given credit.
Work on high-resolution preamplifiers using FET's has involved large expenditures of effort in the selection of FET's to give the best performance. This work has been complicated by a number of factors but the most important is that the noise performance of a given FET under the operating conditions which apply in nuclear pre-./;~~ \ amplifiers bears very little relationship to the normf.~JY;, measured ·'> .. , ~ ' • and specified parameters. In part, this results from the high source impedance feeding the FET, but we·also achieve some noise reduction -2-UCRL-18698 by reducing the operating temperature below that commonly used in conventional FET applications, and this carries us outside the normal temperature bounds of manufacturers' interest. However, ~:,eneral guidelines, such as using high mutual conductance (and inevitably high capacity) FI::T's for high capacity detectors, and vice-versa for low capacity detectors, are commonly employed. It is also observed that the best absolute perforniance is achieved using FET's that perform well at the lowest temperature. Performance differs considerably between units of the same type designation, but made by different manufacturers. and between individual units from one manufacturer.
With a given FET the performance depends upon the capacity loading on its input and every effort is made (consistent with the application) to minimize this capacitance. Adjustment of the FET temperature for optimum temperature is also desirable.
The preamplifiers referred to in this paper use Texas Instrument ,-2N4416 FET's with the conditions optimized as stated above. The FET's which are now the best available for-low capacity detectors, were selected and their performance would put them in the top 10% of the recent transistors of this type that we have measured. Lithiumdrifted silicon detectors of our own manufacture are employed; they are 3mm thick 45mm 2 in area and exhibit measured capacities of about l.3pF. They are made from silicon sufficiently free from trapping phenomena that no peak asymmetry is observed when tested with 1 MeV electrons at 77°K (::::::: 2.1 keV resolution). Consequently we can safely 1) The resistor contributes normal thermal resistor noise.
Operation at 77°K can reduce this type of noise but p~esently available resistors vary in a rather unpredictable manner with temperature. Many change value radically at low temperatures, and in some cases the changes are permanent.
2) In order to reduce the resistor noise contribution, it is 1) necessary to use a very high value • However, the optimum frequency band for the filter network required to give the best signal to noise ratio iri these applications lies in the 100 KHz region. All highvalued resistors exhibit changes in both the resistive and reactive components of their impedance if the frequency exceeds a few KHz.
The variation in the resistive part of the impedance for a typical (nominal) 1000 megohm resistor with frequency is shown in fig. 2 .
The reduced value at high frequencies causes an increase in the
noise contribution of this component • The physical reasons for the changes in resistors with frequency are not clear, but distributed capacitance effects are certainly partly responsible and there are also likely to be end contact effects in some resistors. It is reasonable to suppose that the problems inherent in the highresistivity films used to make these resistors will prohibit the manufacture of well-behaved high-valued resistors at high frequencies in the forseeable future.
3) Extraneous noise of an unexplained nature is known to be
pro uce y t ese res~stors • This is not surprising as even lowvalued carbon resistors are known to exhibit so-called current noise, and many of the high-valued resistors are made of pyrolitic carbon .films.
4)
By its very presence, the resistor increases stray capacity to ground on the input of the FET. We have seen earlier that minimizing this capacitance is important if the ultimate energy resolution is to be achieved, and therefore it is obvious that the presence of the resistor degrades performance.
* It should also be noted that.the variation in resistor value with frequency causes the response of the charge-sensitive stage of fig. 1 ~o depart from the single time-constant behaviour which might be anticipated. This results in problems at high counting-rates in all semiconductor detector spectrometer systems, since pole-zero cancellation methods of correcting for the response of the front-end stage are then inadequate, Consequently, opto~electronic feedback may be used to alleviate these problems too. This will be discussed in a later paper. i• We have tested a number of diode types including GaAs diodes which emit light in the infra-red regic;>n and Ga-As-P diodes and GaP diodes emitting in the red region of the spectrum. None obeyed a linear law when the light output was plotted against current, but a power law (Light~ In) with 1 < n < 2 applied in all cases. Over a limited range of currents an approximate linear law is assumed in this paper. can be assumed by the drain-gate junction diode in the FET thereby avoiding this disadvantage in low-energy systems. Use of the FET in this manner necessitates opening its case so we have taken the opportunity to completely remove the FET from its case and to mount it in an assembly which reduces capacity on the gate lead. Furthermore, it has proven possible to incorporate the feedback capacitor as. an integral part of the FET mounting thereby further reducing stray.
capacity to ground. Mechanical details of this assembly will be ,described later in the paper.
* While good diodes exhibit excellent frequency response to light, we observe a long time-constant component in the FET response, particularly to IR light. This may be attributed to diffusion of charge from the bulk semiconductor. For low-energy systems this is of no importance, but· if this technique is used to replace resistors in high-energy systems, it is possible that a red-emitting light must be used and/or a well-behaved photodiode.
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The In order to make a valid comparison of the two systems in actual spectrum measurements, some decision must be made as to the type of pulse shaping to be used. We have chosen to use a Gaussian shaper h . h . f h. h l.f. 4 > w 1c 1s part o our 1g -rate amp 1 1er system • For the conventional.preamplifier the peaking time of the Gaussian was 2.25 microseconds, which is nearly optimum for this system. For the new preamplifier we have used a peaking time of 7 microseconds; although , .
this is shorter than the optimum time, and improvedresults could be realised using a larger value, it was felt that this compromise between good noise performance and good rate performance would be fairly representative of normal use. The user can, of course, choose his own compromise depending on circumstances.
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The.comparison in·perforrnance between the two units for Hn and Np X-rays is shown in figs. 6 and 7, ·We need hardly add words to · .. :. the picture conveyed in these.figures! However, we should point out
.that many pulse-height analyzers will not permit good measurements on such long pulses and modifications to the analyzer may be necessary to realise these results.
It is unfortunate that the improved electronic resolution is not fully seen on the X-ray peaks of figs, 6 and 7 as the statistics of charge production in the detector are quite significant at even these lm.: energies with such a good electronic system •. This indicates that the assumed Fano factor 0.12 cannot be much in.
error. The system should permit an accurate determination of the Fano factor for .silicon and we intend to do this work in the near future.
,·
•'
-11-
These numbers suggest that further improvements in the electronics will do little to improve experiments except at very low energies, and therefore for elements of low atomic number. Of course, this is an area of great potential interest ,as it is the region of the dominant constituents of biological material. Furthermore, we should remember that electronic noise not only limits the energy resolution but also limits the minimum energy that can be detected. A FWHM resolution of 150 eV indicates that noise counts over 300 to 400 eV are rare;
therefore X-rays of nitrogen and possibly carbon should be detectable.
Of course the problem of getting them into the detector must be faced before this. can be done.
A few words must be said on the counting-rate performance of the unit.
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The design uses a value of 10 for the light coupling coefficient ~~ and the maximum light-diode current is SOmA. The maximum permitted detector current (average) is therefore 5 x 10-llA which 4 corresponds to a counting-rate of about 3 x 10 counts/sec. of 30 keV events. Actually the random nature of the .counts reduces this rate to under 10 4 counts/sec. which is quite adequate for most X-ray applications. If the coupling coefficient ~ is increased, a higher counting rate can be accomodated but the standing current in the light-source must be reduced accordingly. This should be avoided if possible as the light output becomes a more non-linear function of current at low currents. The minimum current level can be increased by using the light pointed at the detector to increase its leakagebut this gives increased noise, which may be tolerable in some circumstances.
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As the counting-rate is limited mainly by the de shift in the preamplifier, pulse-shaping of longer time constants is quite practicable. Heasurememts using a Gaussian shape peaking at 15 \JSec.
have given resolution of less than 140 eV FWHM in this system.
IV. MECHANICAL DESIGN
The front end of the system is mounted on a standard "dipstick" type of liquid nitrogen cooling dewar. This type of dewar was preferred over the LN tube cooling system due to its lower microphonics. The results in figs. 6 (a} and 7 (a) were obtained using a Gaussian pulse-shaper peaking at about 7 microseconds while those of figs. 6 (b) and 7 (b) used a Gaussian peaked at 2.5 usee.
(nearly optimum for this system). . '
.
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